Recent X-ray studies have shown that supernova shock models are unable to satisfactorily explain X-ray emission in the rim of the Cygnus Loop. In an attempt to account for this "anomalously" enhanced X-ray flux, we fit the region with a model including theoretical charge exchange (CX) data along with shock and background X-ray models. 
Introduction
Charge exchange (CX) is a fundamental atomic collision process to which the X-ray spectra of various astrophysical environments have been attributed (see, for example, Dennerl 2010; Krasnopolsky, Greenwood, & Stancil 2004) . In this process (also referred to as charge transfer or electron capture), X-ray emission is a consequence of a highly charged ion capturing an electron from another atom,
to form a highly excited, high charge state ion A (q−1)+ (nl 2S+1 L). As the electron cascades down to the lowest energy level, X-rays are emitted. To accurately model charge exchange emission spectra, it is essential to include the effects of many ionization stages, q, and donor (neutral target) species, B, for a given element (projectile) A. The process has been found to play a role in X-ray emission from the atmospheres of Mars and other planets (Dennerl et al. 2002) , from starburst galaxies (Liu et al. 2011) , and from extragalactic cooling flows (Fabian et al. 2011; Lallement 2004) .
From Suzaku observations, Katsuda et al. (2011) suggested that the outer rim of the Cygnus Loop may be a prime example of extra-solar CX X-ray emission. In their comparisons between the observed spectra and a model that included shocked gas and an X-ray background, they were unable to fully reproduce the spectra, which suggested that CX may be missing from their model. They then adjusted their model by including lines with relevant energies and widths but arbitrary intensities to mimic CX emission spectra.
In order to improve upon the Katsuda et al. (2011) approach, we replace their CX-inspired lines with theoretical CX data to model X-ray emission in the rim of the Cygnus Loop.
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Observations and Data Reduction
Here, we analyze a Suzaku observation of one of the fields studied along the rim of the Cygnus Loop by Katsuda et al. (2011) , labeled NE4 in their Figure 1 We reduced the XIS data and extracted X-ray spectra using version 6.12 of HEASoft, 1 using the calibration data that was current as of 2013 Mar 23. We first ran the aepipeline script, to reprocess the events list using the most recent calibration data. This script also screens the data -we applied the standard screening recommended in the Suzaku ABC Guide.
2 Then, for each XIS camera, we combined the data taken in the 3 × 3 and 5 × 5 modes. Figure 1(a) shows the resulting 0.3-2.0 keV X-ray image from the XIS1 camera.
From each of the four XIS cameras we extracted an X-ray spectrum of the bright rim of the Cygnus Loop. We extracted these spectra from a ∼2 ′ wide strip positioned by eye along the rim (the green polygon in Figure 1 (a)). We grouped each spectrum such that there were at least 25 counts per spectral bin. For each of these spectra we generated a corresponding non-X-ray background (NXB) spectrum, to be subtracted from the source spectrum in the subsequent spectral analysis. For this purpose we used the xisnxbgen tool (Tawa et al. 2008 ), which constructs NXB spectra using a database of Suzaku observations of the nightside of Earth. We also generated the response files for each spectrum, using xisrmfgen to calculate the redistribution matrix files (RMFs) and xissimarfgen (Ishisaki et al. 2007) to calculate ancillary response files (ARFs), assuming a uniform extended source. Note that -5 -the latter tool takes into account the temporally and spatially varying contamination on the XIS cameras' optical blocking filters.
We combined the spectra from the three front-illuminated (FI) cameras (XIS0, XIS2, and XIS3) into a single spectrum (with corresponding NXB spectrum and response files) using addascaspec. In the following spectral analysis, we fitted our models to this combined FI spectrum and to the spectrum from the back-illuminated (BI) XIS1 camera simultaneously.
Charge Exchange Induced X-ray Emission Cascade Model
In order to produce the CX-induced portion of the spectra to be used in our model of the Cygnus Loop, we applied a low density, steady-state radiative cascade model as described in Rigazio et al. (2002) . In this model, the initial state populations are proportional to the quantum-state-resolved CX cross sections. As the electron cascades down to the lowest energy level obeying quantum mechanical selection rules, photons are emitted, including X-rays. Our model includes X-ray emission spectra produced using cross sections from the best available sources for the ions O 8+ (Janev et al. 1993) , O 7+ (Nolte et al. 2014) , N 7+ (Harel et al. 1998) , N 6+ (Wu et al. 2011 ), C 6+ (Janev et al. 1993) , and C 5+ (Nolte et al. 2012) colliding with atomic H with a collision energy of 1 keV/u (438 km/s).
We considered only ion interactions with neutral H as CX cross section data for He are sparse. However, as the H/He elemental abundance ratio is ∼10, neglecting CX reactions involving He should not adversely affect our results. Varying the energy and including He as a target atom along with explicit CX data for Ne, Mg, Fe, and other ions are improvements that will be made in future work. In Figure 1 keV/u, we chose to use that energy in the current model.
Analysis and Results
Our first step in analyzing the rim spectra was to determine how well a model spectrum without CX fit the observations. Our model spectra without CX was patterned on that used by Katsuda et al. (2011) . We used XSPEC version 12.8.1 (Arnaud et al. 1996) and applied an absorbed VpShock model with a hydrogen column density for the intervening material of the Cygnus Loop of 3×10 20 cm −2 (Kosugi et al. 2010 ). In addition, two APEC thermal plasma models and two broken power laws for the X-ray background with the parameters described by Katsuda et al. (2011) and Yoshino et al. (2009) were used with a total Galactic hydrogen column density of 1.7×10 21 cm −2 for the direction of the Cygnus Loop as described in the Leiden/Argentine/Bonn Survey of Galactic HI (Kalberla et al. 2005 ). As Figure 2 (a) shows, we were not able to adequately fit the spectrum, particularly below 1 keV. Our model resulted in a reduced χ 2 of 8.9 with 592 degrees of freedom (d.o.f.), compared to a reduced χ 2 of 2.21 obtained by Katsuda et al. (2011) , even though we followed similar steps in extracting the data (see §2) and applied the same model. ion are unconstrained by laboratory data and can lead to unphysical line ratios. As column 3 in Table 1 shows, for cases such as C VI where Lyα is essentially zero, the Lyβ/Lyα line ratio is much greater than 1. The higher-order CX emission lines have intensities which are usually smaller than the Kα feature. An example is shown in the case of O 8+ colliding with H in Figure 1 (b) in which the Lyβ/Lyα line ratio is ∼0.1.
In order to incorporate realistic CX spectra, we then tied the normalizations of the Kβ and higher lines to their respective Kα resonant line, as shown in Figure 3 , based on the CX cascade spectra described above. The normalizations are given in column 4 in Table 1 .
This resulted in a reduced χ 2 of 3.95 with 555 d.o.f. While the fit quality is reduced relative to the unconstrained spectra, the CX line ratios are physically reasonable, being obtained from theoretical CX cross sections. Katsuda et al. (2011) found that their shock + background model was not as bright around 0.7 keV as the observed spectrum. Hence they suggested that the 0.7 keV band might be due to Fe XVII/Fe XVI L-shell emission and/or O K-shell CX. They ultimately discarded the Fe contribution in their final models. Our CX + shock + background model -8 -is also unable to fully account for the observed 0.7 keV emission. However, as we included realistic oxygen CX, we note that oxygen CX emission does contribute to the spectrum, but it alone cannot fully explain the feature. Since Fe 16+ and Fe 17+ + H CX line ratios are not available, we modeled these spectral features with two unconstrained lines at 0.726 keV and 0.822 keV, following the original suggestion of Katsuda et al. (2011) . As Figure 4 shows, the spectrum fit is improved, resulting in a reduced χ 2 of 1.83 with 553 d.o.f. Our model, as described in Column 5 of Table 1 , found zero intensity for the second line at 0.822 keV in contrast with expectations based on Fe L-shell line ratios found in thermal models and observations in other X-ray emitting regions (see Katsuda et al. and references therein) .
The 0.7 keV Region

Discussion
With the advent of high-resolution X-ray detectors, apparently anomalous X-ray features have been observed in a variety of environments. When the spectra cannot be explained by thermal electron impact or shock models, for example, CX is often invoked, but typically without realistic CX data. In this Letter, we have incorporated realistic CX X-ray emission models in an attempt to test the suggestion of Katsuda et al. (2011) that the anomalous X-ray emission near 0.7 keV in the Cygnus Loop supernova remnant is due to CX. We find the following major points: (i) charge exchange likely contributes to the X-ray spectrum of the Cygnus Loop from 0.3 -2 keV; (ii) when obtaining CX-induced emission line intensities, lines with unconstrained normalizations may lead to unphysical line ratios; (iii) as suggested by Katsuda et al. (2011) , high order O VII emission lines due to O 7+ + H CX contributes to the 0.7 keV spectral features, however the O VII line intensities constrained by CX emission models are insufficient to fully account for the 0.7 keV X-ray flux; and (iv) the missing flux at 0.7 keV may be due to Fe XVII CX and/or emission from a species and/or mechanism not included in the current models.
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In conclusion, using accurate CX X-ray emission models for C, N, and O ions, we confirm that charge exchange may contribute to the X-ray emission observed from a supernova remnant, the Cygnus Loop. However, detailed models to accurately simulate the spectrum to extract physical conditions of the local environment require additional CX studies, particularly for other elements and charge states.
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